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PPRECLINICAL STUDIES
Measurement of Collagen and Smooth Muscle
Cell Content in Atherosclerotic Plaques Using
Polarization-Sensitive Optical Coherence Tomography
Seemantini K. Nadkarni, PHD,*§ Mark C. Pierce, PHD,*§ B. Hyle Park, PHD,*§
Johannes F. de Boer, PHD,*§ Peter Whittaker, PHD, Brett E. Bouma, PHD,*§ Jason E. Bressner, BS,*§
Elkan Halpern, PHD,† Stuart L. Houser, MD,‡ Guillermo J. Tearney, MD, PHD*‡§
Boston and Worcester, Massachusetts
Objectives The purpose of this study was to investigate the measurement of collagen and smooth muscle cell (SMC) con-
tent in atherosclerotic plaques using polarization-sensitive optical coherence tomography (PSOCT).
Background A method capable of evaluating plaque collagen content and SMC density can provide a measure of the me-
chanical fidelity of the fibrous cap and can enable the identification of high-risk lesions. Optical coherence to-
mography has been demonstrated to provide cross-sectional images of tissue microstructure with a resolution of
10 m. A recently developed technique, PSOCT measures birefringence, a material property that is elevated in
tissues such as collagen and SMCs.
Methods We acquired PSOCT images of 87 aortic plaques obtained from 20 human cadavers. Spatially averaged PSOCT
birefringence, , was measured and compared with plaque collagen and SMC content, quantified morphometri-
cally by picrosirius red and smooth muscle actin staining at the corresponding locations.
Results There was a high positive correlation between PSOCT measurements of  and total collagen content in all
plaques (r  0.67, p  0.001) and in fibrous caps of necrotic core fibroatheromas (r  0.68, p  0.001).
Polarization-sensitive optical coherence tomography measurements of  demonstrated a strong positive correla-
tion with thick collagen fiber content (r  0.76, p  0.001) and SMC density (r  0.74, p  0.01).
Conclusions Our results demonstrate that PSOCT enables the measurement of birefringence in plaques and in fibrous caps of
necrotic core fibroatheromas. Given its potential to evaluate collagen content, collagen fiber thickness, and SMC
density, we anticipate that PSOCT will significantly improve our ability to evaluate plaque stability in
patients. (J Am Coll Cardiol 2007;49:1474–81) © 2007 by the American College of Cardiology Foundation
ublished by Elsevier Inc. doi:10.1016/j.jacc.2006.11.040c
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otherosclerotic plaque rupture at the site of a necrotic core
broatheroma (NCFA) is a frequent precursor of thrombus-
ediated acute coronary events (1,2). An NCFA is com-
osed of a fibrous cap overlying a necrotic core (3), shielding
he thrombogenic core from contact with luminal blood (2).
stable fibrous cap is predominantly composed of collagen,
ynthesized by intimal smooth muscle cells (SMCs), which
ogether impart mechanical integrity. The mechanisms
eading to plaque instability include the proteolysis of
rom the *Department of Dermatology, †Department of Radiology, ‡Department of
athology, and §Wellman Center for Photomedicine, Harvard Medical School and
assachusetts General Hospital, Boston, Massachusetts; and the Department of
mergency Medicine and Department of Anesthesiology, University of Massachu-
etts Medical School, Worcester, Massachusetts. This study was funded by the Center
or Integration of Medicine and Innovative Technology (CIMIT), NIH contract
01-HL076398.o
Manuscript received August 3, 2006; revised manuscript received October 31,
006, accepted November 27, 2006.ollagen by metalloproteinases released by activated macro-
hages and apoptosis of intimal SMCs, which impedes
ollagen synthesis (4–6). Mediated by endothelial produc-
ion of nitric oxide, transforming growth factor-beta, and
lasmin, this dynamic imbalance between collagen synthesis
nd degradation causes a net reduction in collagen content
nd weakens the fibrous cap, which may predispose NCFAs
o rupture (7). A recent study (8) suggests that increased
ollagenase expression yields thinner collagen fibers with
isorganized fiber orientation, which may be associated with
ecreased mechanical stability. Because of the significance
f collagen content and architecture, as well as the role of
MCs in the pathophysiology of plaque rupture, methods
apable of evaluating these features could facilitate the
etection of unstable lesions.
A new imaging technique, termed polarization-sensitive
ptical coherence tomography (PSOCT), has been devel-
ped that may enable the quantification of collagen and
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April 3, 2007:1474–81 Plaque Collagen SMC Measurement by PSOCTMC content in atherosclerotic plaques. Optical coherence
omography (OCT) is a high-resolution (10 m) imaging
ethod that has demonstrated high accuracy for the char-
cterization of plaque microstructure, identification of thin-
ap fibroatheromas, and quantification of macrophage con-
ent in vivo (9,10). Polarization-sensitive OCT enhances
onventional OCT by measuring tissue birefringence (11–
3), a material property that is elevated in tissues containing
roteins with an ordered structure, such as organized
ollagen and SMC actin-myosin. A stable plaque is associ-
ted with high collagen content, thicker collagen fibers, and
arge numbers of SMCs. In contrast, unstable plaques likely
ave lower collagen content, thinner collagen fibers, and
ewer SMCs (5,6,8). In this study, we investigated the
elationship between PSOCT measurements of birefrin-
ence and collagen content, fiber thickness, and SMC
ensity in atherosclerotic plaques ex vivo. Results from this
ork will aid in determining the suitability of this technol-
gy for providing information on these critical plaque
onstituents in patients.
aterials and Methods
SOCT imaging. The fiber-optic PSOCT system used in
his study provides measurements of tissue birefringence
hat are reproducible and independent of the polarization
tate of light incident on tissue, a fundamental requirement
or intracoronary imaging. The technical design of our
SOCT system and the mathematical methods to generate
SOCT images have previously been described in detail
14–16). Briefly, a light from an optical light source with a
enter wavelength of 1,310 nm and bandwidth of 70 nm is
irected via a polarization modulator to the tissue with 6
W of incident power. The system provided an axial reso-
ution of 10 m and lateral resolution of 20 m in tissue.
A total of 87 aortic plaques were randomly obtained from
0 human cadavers and imaged using PSOCT. The time
etween death and imaging ranged from 12 to 24 h. The
pecimens were cut open and placed in a phosphate-buffered
aline bath maintained at 37°C during imaging. To ensure
ccurate registration with histopathology, the imaging site
as marked with 2 India ink spots at the edges of the OCT
can. Polarization-sensitive OCT and conventional OCT
mages were simultaneously obtained within 1 s, and all
mages were 5  1.2 mm (2,000 tranverse pixels  256
epth pixels).
irefringence measurement using PSOCT. The imaging
ystem in the current study provides both conventional
CT and PSOCT images with a single lateral scan. When
ight traverses birefringent tissue, light polarized along
irections parallel and perpendicular to the fiber orientation
f the tissue travels at different velocities, incurring a relative
hase retardation, , which results in a change in its
olarization state. The phase retardation, , accumulates as
ight travels deeper through tissue at a rate proportional to
he magnitude of birefringence. To obtain a PSOCT image, oathematical techniques de-
cribed in previous work (15) are
sed to measure Stokes parame-
ers at each depth and depth-
esolved  values are determined.
he accumulated phase retarda-
ion, (L), at each depth, L, is
hen displayed with respect to
he tissue surface as a grayscale
mage with black corresponding
o 0° (at the tissue surface) and
hite to 180° (or 360°) (Figs. 1B
nd 1F).
Tissue birefringence was mea-
ured within a software-selected
00  200 m (tranverse 
epth) region of interest (ROI) centered between the
ducial ink marks within each PSOCT image. In NCFAs,
ecause the signal from the necrotic cores was too weak for
eliable measurements (17), the depth of the ROI was
atched to the average fibrous cap thickness in this plaque
ype. For each PSOCT image, the mean phase retardation
ngle, (L), was calculated by averaging across the width of
he ROI at each depth, L. Tissue birefringence was then
easured over each ROI by calculating the slope,  
LL, of the linear least-squares fit through the phase
etardation data over the depth (L) of the ROI (Fig. 2).
istopathologic analysis of atherosclerotic plaque. Fol-
owing imaging, the specimens were fixed in 10% formalin
nd processed using standard techniques. Sections were cut
cross the India ink marks; stained with hematoxylin-eosin,
richrome, picrosirius red (PSR) for collagen, and alpha-
mooth muscle actin for SMCs; and interpreted by a
athologist (G.J.T.). The histologic sections were charac-
erized into the following groups (3): NCFA, non-necrotic
A, intimal hyperplasia, fibrous plaque, and fibrocalcific
FC) plaque. Fibrous plaques were classified as collagen
nd/or SMC-rich lesions without lipid accumulation. Non-
ecrotic FAs were distinguished as lesions having dispersed
xtracellular lipid without evidence of necrosis within the
brous matrix.
Collagen content was measured morphometrically using
igitized circularly polarized light microscopy images of
SR-stained sections within a software-selected 500  200
m ROI centered between the ink marks (8,18). Because
echanical stability of the plaque may also depend on
ollagen fiber thickness, morphometric differentiation be-
ween thicker (orange-red) and thinner (yellow-green) col-
agen fibers was conducted (19,20). A hue saturation value
olor coordinate transformation was performed, and color
eparation of thick and thin collagen fibers was achieved by
ividing the number of hue values within a range corre-
ponding to orange-red (thick fibers) and yellow-green (thin
bers) by the total pixel area of the ROI (20,21). Total
ollagen content was computed by summing the percentage
Abbreviations
and Acronyms
FA  fibroatheroma
FC  fibrocalcific
NCFA  necrotic core
fibroatheroma
OCT  optical coherence
tomography
PSOCT  polarization-
sensitive optical coherence
tomography
ROI  region of interest
PSR  picrosirius red
SMC  smooth muscle cellf orange-red and yellow-green fibers within the ROI.
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Plaque Collagen SMC Measurement by PSOCT April 3, 2007:1474–81mooth muscle cell content was measured using digitized
mmunohistochemistry sections stained for alpha-smooth
uscle actin, and the percent staining within the ROI was
alculated using automated bimodal histogram thresholding
nd image segmentation (22).
tatistical analysis. Multiple regression analysis was per-
ormed to test the relationship between PSOCT birefrin-
ence, , with histologic measurements of thick collagen
ber, thin collagen fiber, and SMC content using stepwise
egression. The correlation of PSOCT birefringence, ,
ith each independent variable was also computed using
inear regression analysis. For all analyses, a p value 0.05
as considered statistically significant. All statistical analy-
es were performed using MicroCal Origin (MicroCal
oftware Inc., Northampton, Massachusetts).
esults
istopathology. The aortic specimens were histologically
lassified as NCFA (n  22), fibrous (n  25), FA (n 
3), FC (n  5), and intimal hyperplasia (n  12). Two of
FC plaques showed histologic evidence of calcific nodules
lose to the luminal surface, resulting in tearing during
istologic processing, and were eliminated from analysis.
ecause the intimal hyperplasia group did not represent
iscrete atherosclerotic lesions (3), this group was not
ncluded in the analysis. Following exclusion of these
Figure 1 Collagen Birefringence in Atherosclerotic Plaques
(A and E) Optical coherence tomography images of fibrous plaques. (B) Polarizatio
high birefringence as seen by the rapid transition of the image from black to white
tology section showing orange-red fibers (thicker fibers) under polarized light micro
plaque showing black region corresponding to low birefringence below the luminal
fibers) under polarized light microscopy. Scale bars  500 m.laques, the dataset consisted of 73 atherosclerotic plaques. iollagen birefringence. Figure 1 shows illustrative
SOCT images with the corresponding histopathology of 2
therosclerotic plaques. The fibrous plaque in Figures 1A to
D shows abundant thicker (orange-red in Fig. 1C) colla-
en fibers, constituting 88% of the ROI. In the correspond-
ng PSOCT image (Fig. 1B), the presence of these highly
irefringent collagen fibers causes a sharp transition from
lack (  0°) at the tissue surface to white (  180°). The
broatheroma in Figures 1E to 1H shows evidence of
epleted collagen constituting 20% of the ROI, with small
mounts of thin collagen fibers (yellow-green in Fig. 1G).
ow birefringence in PSOCT presents as a black region
orresponding to low  (Fig. 1F). In Figure 2,  values
veraged over the width of the central ROI in the two
SOCT images shown in Figures 1B and 1F are plotted as
function of depth. The  value remains low at the surface
nd increases at different rates with depth. Least-squares fits
ver a depth of 200 m for each plot indicate that for the
ighly birefringent fibrous plaque constituting 88% collagen
Figs. 1A to 1D), (L) increases at a rate of   0.60°/m,
ompared with a significantly lower rate of   0.04°/m
n the plaque constituting 20% collagen (Figs. 1E to 1H).
igure 3 shows illustrative PSOCT images of a NCFA with
he corresponding histology sections. The OCT image in
igure 3A shows a signal-poor lipid pool with poorly
elineated borders beneath a signal-rich band correspond-
sitive optical coherence tomography (PSOCT) image of fibrous plaque showing
sponding to 0° to 180° phase retardation. (C) Picrosirius red (PSR)-stained his-
(D and H) Trichrome stained histology images. (F) PSOCT image of fibrous
e. (G) Corresponding PSR-stained histology section showing yellow-green (thinnern-sen
corre
scopy.
surfacng to the fibrous cap. Birefringence of the fibrous cap is
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April 3, 2007:1474–81 Plaque Collagen SMC Measurement by PSOCTeen in the PSOCT image (Fig. 3B) as a transition from
lack at the surface to gray. Beneath the fibrous cap, the
ecrotic core appears noisy because low signal from the lipid
ool causes PSOCT measurements of  to be unreliable in
his region.
Total collagen content morphometrically measured from
olarized light microscopy of PSR-stained sections ranged
rom 2% to 99% for all plaques. In Figure 4A, total collagen
ontent (thick fibers  thin fibers) is plotted against  for
he 73 atherosclerotic plaques. Linear regression analysis
howed good correlation between total collagen content and
SOCT measurements (r  0.67, p  0.0001). Twenty-
wo atherosclerotic plaques that were histologically classified
s NCFAs had average cap thicknesses ranging from 75 to
90 m, and the minimum cap thickness ranged from 26 to
15 m. Linear regression analysis showed good correlation
etween total collagen content and  in fibrous caps of
CFAs (r  0.68, p  0.001) (Fig. 4B).
Multiple regression analysis performed to evaluate the
umulative relationships between collagen and SMC con-
ent with PSOCT birefringence showed that when the
ariables thick collagen fiber and thin collagen fiber content
ere considered jointly in the multiple regression model,
oth variables demonstrated a statistically significant rela-
ionship with  (thick collagen fibers, p  0.0001, and thin
ollagen fibers, p  0.05). In Figures 4C and 4D,  is
lotted versus thick and thin collagen fiber content, respec-
ively. Linear regression analysis demonstrated a high pos-
tive correlation between thick collagen fiber content and 
r  0.76, p  0.0004) and an inverse relationship between
Figure 2 Phase Retardation Plot
Phase retardation, , angles averaged over the width of the central region of
interest (500  200 m) in the 2 PSOCT images shown in Figures 1B and 1F
are plotted as a function of depth. Least-squares fits over a depth of 200 m
for each plot show that PSOCT birefringence measured as the slope as the
phase retardation plot is higher (  0.60°/m) for the plaque constituting
88% collagen (displayed in Figs. 1A to 1D) compared with a lower birefringence
(  0.04°/m) for the plaque with depleted collagen (displayed in Figs. 1E to
1H). Abbreviations as in Figure 1.hin collagen fiber content and  (r  0.48, p  0.0001).MC birefringence. Figure 5 illustrates a fibrous plaque
ith low collagen content (7%) (Fig. 5C); however, the
orresponding PSOCT image (Fig. 5B) shows a rapid
ransition from black to white, indicating high birefrin-
ence. The accompanying immunohistology section shows
xtensive alpha-smooth muscle actin staining, confirming
he presence of SMCs constituting 55% of the ROI (Fig.
D), with   0.46°/m. The results of the multiple
egression analysis showed that SMC content, when incor-
orated in the model jointly with collagen content, did not
emonstrate a statistically significant relationship with 
p  0.25). When SMC content was considered individu-
lly using linear regression analysis, we found a statistically
ignificant correlation between SMC content and  (r 
.34, p  0.01). To evaluate the relationship between SMC
ontent and , independent of collagen content, we ana-
yzed plaques with low collagen content (50% of the ROI:
 30 plaques). For these plaques, SMC content showed
igh correlation with  (r  0.74, p  0.01) (Fig. 6).
iscussion
ollagen and SMCs play a key role in determining plaque
tability. Pathologic studies demonstrate that the site of a
hrombosed plaque often shows a fibrous cap with dimin-
Figure 3 Birefringence in an NCFA
(A) Optical coherence tomography image of a necrotic core fibroatheroma
(NCFA). (B) Corresponding PSOCT image showing birefringence within the
fibrous cap overlying a region of the lipid pool. Cholesterol crystals shown by
arrows appear birefringent below the fibrous cap. (C) Corresponding PSR-
stained image of the NCFA showing collagen birefringence within the fibrous
cap. (D) Trichrome-stained histology. Scale bars  500 m. Abbreviations as
in Figure 1.
i
c
y
m
g
i
c
i
p
S
P
P
g
fi
p
n
i
b
o
s
b
t
b
a
(
fi
1478 Nadkarni et al. JACC Vol. 49, No. 13, 2007
Plaque Collagen SMC Measurement by PSOCT April 3, 2007:1474–81shed collagen content (23–26). The overexpression of
ollagenases alters the mechanical properties further by
ielding thinner, disorganized collagen fibers (8). Smooth
uscle cells in plaques synthesize collagen, and their mi-
ration and proliferation from the media to the site of an
ntimal lesion is associated with a net increase in collagen,
onsequently stabilizing the plaque (5). The depletion of
ntimal SMCs may predispose a plaque to rupture, and
laques associated with unstable angina show increased
MC apoptosis (4,5).
In this study, we measured tissue birefringence from
SOCT images of human atherosclerotic plaques. The
SOCT birefringence, , was highly related to total colla-
Figure 4 Relation Between Collagen Content and PSOCT Birefr
(A) High positive correlation is demonstrated between  and total collagen conten
between  and total collagen content in fibrous caps of NCFAs (r  0.68, p  0.0
fiber content (r  0.76, p  0.0001). (D) An inverse relationship is demonstrated
show 95% prediction intervals. Abbreviations as in Figures 1 and 3.en content in all atherosclerotic plaques, as well as in tbrous caps of NCFAs.  also demonstrated a strong
ositive correlation with thick collagen fiber content and a
egative correlation with thin collagen fiber content. The
nverse relationship between  and thin collagen fibers may
e explained by the replacement of highly birefringent, thick
rganized fibers by thin, more randomly oriented fibers. In
upport of this hypothesis, we found an inverse relationship
etween thick and thin collagen fibers. Studies have shown
hat PSOCT measurements of birefringence are influenced
y collagen fiber organization;  is low when collagen fibers
re less organized and high when fibers are well organized
27). Recent work in animals suggests that thicker collagen
bers in intimal lesions are more aligned and circumferen-
ce, 
l plaques (r  0.67, p  0.0001). (B) High positive correlation is demonstrated
C) Strong positive correlation is demonstrated between  and thick collagen
en  and thin collagen fiber content (r  0.48, p  0.0001). The dotted linesingen
t in al
01). (
betweially oriented than thinner collagen fibers, which show
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April 3, 2007:1474–81 Plaque Collagen SMC Measurement by PSOCTncreased structural disorganization (8). This difference in
ber organization of thick and thin collagen fibers is,
herefore, a plausible explanation for our findings that
SOCT birefringence was related positively with thick
ollagen content and inversely with thin collagen fiber
ontent. We also found that fibrous cap thickness in
CFAs did not bear a statistically significant relationship
ith PSOCT birefringence (p  0.81), suggesting that the
irefringence measured from PSOCT images may be inde-
endent of fibrous cap thickness.
Birefringence exhibited by intimal SMCs may be attrib-
ted to their structural construct, comprising a myosin
ontaining thick filament co-assembled with an actin-
ontaining thin filament (28). The results of our multiple
egression analysis showed that when considered jointly
ith collagen content, SMC content did not demonstrate a
ignificant relationship with . Because plaques in our
ataset contained both collagen and SMCs, and because of
he strong positive correlation of thick collagen fibers with
, it is possible that the variable SMC content dropped out
f the multiple regression model. However, when plaques
ith low collagen content were analyzed separately, 
howed high positive correlation with SMC content, dem-
nstrating that PSOCT measures birefringence exhibited by
Figure 5 SMC Birefringence in Atherosclerotic Plaques
(A) Optical coherence tomography image of a fibrous plaque. (B) Correspond-
ing PSOCT image showing high birefringence. (C) Corresponding PSR-stained
section shows low collagen content in the plaque under polarized light micros-
copy. (D) Corresponding histology section stained for alpha-smooth muscle
actin shows numerous smooth muscle cells (SMCs) within the fibrous plaque.
Scale bars  500 m. Abbreviations as in Figure 1.MCs. Previous work has shown that the normalizedtandard deviation calculated within OCT images is highly
orrelated with macrophage content (29). In a separate
nalysis, we found a statistically significant inverse correla-
ion (r  0.6, p  0.005) between the normalized
tandard deviation computed from OCT images within
brous caps of NCFAs and  in this study. This inverse
elationship may be explained by the possible depletion of
ollagen by metalloproteinases associated with increased
umbers of macrophages. In support of this hypothesis, we
ound a similar inverse relationship between cap collagen
ontent and OCT-normalized standard deviation (r 0.56,
 0.01). Taken together, our results indicate that PSOCT
irefringence may provide a powerful new index related to
laque stability. Because increased birefringence was corre-
ated to abundant thick collagen fibers and/or SMCs, the
etection of high birefringence in PSOCT images may
mply increased plaque stability. Conversely, low PSOCT
irefringence may indicate compromised plaque stability
wing to low collagen content, fewer thick collagen fibers,
nd/or reduced numbers of SMCs. In all images, phase
etardation angles were averaged over the ROI to reduce
easurement uncertainty at each depth and facilitate more
ccurate linear fits for measuring . We observed a signif-
cant reduction in statistical uncertainty of depth-resolved
hase retardation angles by averaging over 500 m.
Previous studies have shown that OCT measures multi-
le factors contributing to plaque instability, including
etecting NCFAs, measuring microstructural details such as
hin fibrous caps, and identifying cholesterol crystals and
uantifying macrophage content (10,17,29). Polarization-
ensitive OCT images are always obtained simultaneously
Figure 6 Relation Between SMC
Content and PSOCT Birefringence
High positive correlation between  and intimal smooth muscle cell (SMC) con-
tent is demonstrated in plaques with low (50%) collagen content (r  0.74,
p  0.001). The dotted lines show 95% prediction intervals. Abbreviations as
in Figure 1.
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Plaque Collagen SMC Measurement by PSOCT April 3, 2007:1474–81ith conventional OCT images, providing additional mea-
urements of birefringence related to collagen and SMC
ontent. Thus, OCT enhanced with the capability for
SOCT imaging can identify multiple factors associated
ith plaque rupture to provide a more comprehensive
nderstanding of plaque stability.
tudy limitations. The effects of arterial pulsation on
SOCT measurements have not been analyzed here and
arrant further investigation. However, on the basis of prior
linical studies in patients, we have observed that plaque
irefringence is preserved during coronary pulsation. New
echnology has been developed to enable high-speed
SOCT imaging for clinical applications in the near future
30). Intimal plaque composition of aortas is quite similar to
hat of coronaries; however, there are significant differences
n the media for the 2 arterial types. For this reason, we
elected our ROIs to ensure that they were contained only
ithin the intima, and we anticipate that our results can be
eneralized to coronary lesions. To minimize the influence
f tissue shrinkage attributable to formaldehyde fixation and
istologic processing (31) on the data, collagen and SMC
ontent in histologic sections were measured as a percentage
f the total area of the ROI. Registration of PSOCT images
ith corresponding histology sections was performed using
ducial ink marks at the lesion site applied on the plaque
sing a 26-gauge needle (450 m); hence, we anticipate that
he registration precision between PSOCT and histology
as 500 m.
Cholesterol crystals, which appear as linear signal-rich
egions, may offer another source of birefringence in
SOCT images (Fig. 3). In OCT images, cholesterol
rystals can be easily distinguished from other plaque
omponents by their linear and highly reflecting appearance.
hree FC plaques in our analysis contained calcific nodules
eneath the 200 m deep ROI, and these regions of
alcification were not included in the analysis. Calcific
odules did not contain enough signal for PSOCT mea-
urements, and, therefore, the birefringence of calcifications
ould not be established. However, calcific nodules can be
asily detected with high sensitivity in OCT images as
harply delineated regions within the plaque having signal-
oor interiors (17). Likewise, birefringence in the necrotic
ores of NCFAs could not be measured using PSOCT.
hen light enters the core, because of large variance in
cattering structures in the necrotic debris the polarization
tate of light becomes randomized after multiple scattering
vents, resulting in unreliable phase retardation measure-
ents (32) (Fig. 3). Deep within the lipid pool, the signal is
reatly attenuated, and PSOCT measurements of birefrin-
ence cannot be obtained.
A recent study (13) has demonstrated a qualitative
ssessment of plaque collagen using OCT by displaying
esulting changes in backreflected light achieved by manu-
lly altering the incident polarization state. The PSOCT
ystem used in our current study provides a quantitative
valuation of plaque birefringence, , by measuring theccumulated phase retardation as light travels through
irefringent tissue. Our current system measures  inde-
endent of the incident polarization state of light and
ample orientation, thus facilitating intracoronary imaging
n patients using catheters similar to those used in conven-
ional intracoronary OCT (9,10). A previous feasibility
tudy has demonstrated intracoronary PSOCT in ex vivo
oronary arteries using rotary scanning fiber-optic catheters
dentical to those used in previous clinical trials (33). The
trength of this technique may be further emphasized by
oting that PSOCT birefringence is measured in a cross-
ectional image, allowing evaluation of discrete microana-
omic structures such as fibrous caps. Natural history studies
re underway to address questions regarding the role of
ystemic and local predictors of plaque rupture risk. If the
esults of these studies show that focal plaque stabilization
rovides clinical benefits, therapeutic intervention could be
uided by information such as that provided by PSOCT,
otentially improving patient outcome.
Polarization-sensitive OCT is unique in that it provides
mages of birefringence, which are co-registered with high-
esolution cross-sectional images of plaque morphology
btained by conventional OCT. Beyond the measurement
f cap thickness, PSOCT provides additional information
bout the composition of plaques and NCFA fibrous caps,
here low birefringence likely indicates increased instabil-
ty. Given the potential significance of the additional infor-
ation provided by PSOCT, and its promise for intracoro-
ary application, we anticipate that this technology will be
seful for improving our understanding of the mechanisms
f plaque progression and rupture and for the detection of
igh-risk plaques before the occurrence of an acute coronary
vent.
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